Inorganic nanocrystals composed of earth-abundant and non-toxic elements are crucial to fabricated sustainable photovoltaic devices in large scale. In this study, various-shaped and different phases of antimony sulfide nanocrystals, which is composed of non-scarce and non-toxic elements, are synthesized using hot-injection colloidal method. The effect of various synthetic parameters on the final morphology is explored. Also, foreign ion (Chlorine) effects on the morphology of Sb 2 S 3 nanocrystals have been observed. Structural, optical and morphological properties of the nanocrystals were investigated, and Sb 2 S 3 nanocrystal-based solid-state semiconductor-sensitized solar cells were fabricated using as-prepared nanocrystals. We achieved promising power conversion efficiencies of 1.48%.
Binary chalcogenide semiconductors 1-9 have exhibited great potential for solar energy conversion due to their solution processability, bandgap tunability, large light absorption coefficient, and compositional tailorability. All high-performing photovoltaic materials contain either toxic or scarce elements, such as Pb, Cd, In, Ga and Te; thus, the production of solution-processable nanocrystals from earth-abundant and non-toxic elements using environmentally benign synthetic methods has become a major challenge for the inorganic semiconductor-based solar energy field. Antimony sulfide 3, [10] [11] [12] [13] [14] [15] [16] [17] [18] is one of the potential materials for use in low-cost solar cells because of its relatively high abundance, low toxicity and large light absorption coefficient. [32] [33] [34] and chemical bath deposition. 21 Oxygen contamination was a problem in most of the cases.
A report on the synthesis of Sb 2 S 3 nanowires using the hot injection method is already present in literature, 12 but no systematic studies of the synthesis of amorphous (orange) and crystalline (gray-black) Sb 2 S 3 NCs using colloidal hot injection methods have ever been reported. Herein we report a systematic study on hot-injection colloidal synthesis of Sb 2 S 3 NCs and an investigation into the effect of precursors, temperature and time on the formation of Sb 2 S 3 NCs. We also report the fabrication of Sb 2 S 3 NCs-based solar cells and the characterization of their photovoltaic performance.
The synthesis of Sb 2 S 3 NCs was carried out under inert conditions. In a typical synthesis of Sb 2 S 3 NCs (please refers to the detailed experimental section in the SI), 1 mmol of antimony (III) chloride, 6 ml oleic acid and 8 ml 1-octadecene (ODE) were loaded into a 3-neck round-bottom flask and heated (150°C)
under vacuum for 1h, and then purged and kept under nitrogen while maintaining the temperature at 180 °C. A total of 1.5 mmol bis(trimethylsilyl) sulfide (TMS) in 5 ml ODE was then injected into the reaction flask which changed the color of the solution from clear yellow to orange. The reaction temperature was gradually decreased to 100 °C after injection. After approximately 30 minutes, the orange color of the solution started to change into a grey-black color, and the reaction was stopped after 90 minutes. In order to observe the growth of NCs soon after the injection, a 5 ml aliquot was collected after 90 s of injection, and quenched by injecting it into cold anhydrous toluene. Then, the final product and the aliquot in toluene were washed by centrifugation with a mixture of chloroform and ethanol, and eventually re-dispersed in toluene.
The aliquot taken after 90 s of the injection was an orange solution which was analyzed by powder X-Ray diffraction (p-XRD). The broad p-XRD pattern corresponds to the stibnite (Sb 2 S 3 ; ICDD # 00-006-0474) phase of antimony sulfide ( Figure 1a ). The broadness of the pattern indicates a poorly crystalline Sb 2 S 3 sample. The color of the reaction mixture turned gray-black after the completion of the reaction, and the p-XRD pattern in Figure 1b shows that the as-prepared NCs are highly crystalline and with no indication of secondary phases.
In order to characterize the optical properties of the as-synthesized orange and gray-black Sb 2 S 3 NCs and to determine their band gap, a NCs film was deposited on a clean glass substrate. Figure 2 shows the Tauc plot of crystalline gray-black and orange semi-amorphous Sb 2 S 3 NPs deposited on glass substrates. From the onset of the curves it was possible to estimate the bandgaps of the two films to be 1.73 eV for grayblack Sb 2 S 3 NCs -close to the band gap of bulk crystalline Sb 2 S 3 22 and 2.15 eV for the orange Sb 2 S 3 NCs.
Transmission electron microscopy (TEM) analysis of the samples is carried out in Titan G2 80-300CT instrument from FEI Company which was also attached with an X-ray energy dispersive spectroscopy (EDS) capability. Conventional TEM, high-resolution TEM (HRTEM), and selected area electron diffraction (SAED) measurements were carried out to determine the shape, size, and crystallinity of as- in oleylamine is lower than in TMS, which may lead to a slower and anisotropic growth of Sb 2 S 3 NCs.
As another sulfur source, it was used elemental S in ODE. This sulfur solution shows has the advantage to be stable in air 35 . The stock solution was prepared by dissolving 1 mmol S in 6 ml ODE under nitrogen at
200°C for 1 h. Two rounds of experiments were carried out: one in which the reaction temperature was decreased to 100°C after the injection of the 1.5 mmol sulfur source and another in which the reaction temperature was maintained at 180°C following the injection. In both cases, there was no formation of NCs. Another experiment was carried out at 220°C, with the solution maintained for 90 minutes at that temperature. We only obtained black NCs, and could not obtain orange NCs by this method. This outcome may be due to the lower reactivity of elemental sulfur in ODE that requires higher temperatures.
Similar observation was reported by Guo et al. 36 for the formation of CdS NCs when diphenyl disulfide was used as a sulfur source. The TEM analysis combined with EDS measurements shown in Figure S4 indicate that the as-synthesized NCs is composed of crystalline Sb 2 S 3 with a nanorod-like morphology.
Even in this case Sb NCs were observed on the surface of the Sb 2 S 3 NCs.
The injection and NC growth temperature can affect the size, shape, monodispersity, and phase of NCs. 37 Several experiments were carried out to explore the effect of temperature on the size and morphology of To further quantify the effect of a high injection temperature, TMS solution was injected at 220 °C. The TEM and SAED micrographs ( Figure S6 ) of an aliquot of as-synthesized NCs, taken 90s after the injection, indicate that the NCs consist of amorphous and crystalline Sb 2 S 3 . After the TMS injection, the solution color immediately changed to orange and subsequently started turning black. The shape of the crystalline Sb 2 S 3 NCs was irregular, resembling a nanobelt structure. This finding further demonstrates how injection temperature affects the morphology and kinetics of formation of Sb 2 S 3 NCs.
In another trial, TMS solution was injected at 100 °C, and this temperature was maintained throughout the reaction. It took more than 2.5 h to form completely black NCs. Thus, it takes a longer time to form crystalline Sb 2 S 3 NCs if the TMS solution is injected at a lower temperature. However, the diameter of the crystalline NCs (Figure 5b ) is larger than for the NCs obtained with injection at 140 °C or 180 °C.
We also designed another experiment to grow Sb 2 S 3 NCs at a higher growth temperature. In this experiment, TMS solution was injected at 140 °C, and the reaction temperature was maintained at 140°C.
Highly crystalline Sb 2 S 3 NCs were obtained, as shown in Figures S7 a-c . Compared to NCs grown at the lower temperature (100 °C, Figure S7 d-f), the diameter of the NRs was larger.
Based on these experiments that were carried out at different nucleation (injection) and growth temperatures ( Figure 4 , S5-7), it can be concluded that lower nucleation (injection) temperatures lead to lower monomer concentrations that can yield larger-sized nuclei. On the other hand, larger particles can be obtained by higher growth temperatures as the rate of the monomer addition to existing particles is increased. Moreover, there is a higher chance of Ostwald ripening at higher temperatures. 37 Very high temperatures (T>180 °C), cause an even higher monomer concentration as well as a faster kinetics that
give rise to larger NPs in a shorter time lapse. than for NCs synthesized using Sb(OAc) 3 . SAED (Figure 6d insert) confirmed that the NCs synthesized for 90 minutes were weakly crystalline. In both cases, the experiments were continued overnight, but the orange color did not change. It is thus straightforward that the counter ion of the precursor plays an important role on the morphology and crystallinity; in fact it is known that crystalline chain-like NRs are formed when SbCl 3 is used as an antimony precursor. 38 To see the effect of a higher temperature on the morphology of NCs, the temperature was maintained at 180 °C. After 1.5 h of reaction time, the orange color of the NCs started changing to black, and the reaction was stopped after 2 h. TEM, HRTEM and SAED micrographs ( Figure S8 ) indicate that the asprepared NCs were highly crystalline and composed of large NRs with a diameter larger than 200 nm.
Foreign ion effects on the morphology of metal and semiconductors NCs have been also observed. [39] [40] [41] As can be noted above we could not obtain highly crystalline black Sb 2 S 3 NCs when antimony acetate or oxide were used as an antimony source under the same reaction conditions. We suspected that this effect may be due to the role of chlorine ions. 40 . To study this effect, different amounts of 3 and 6 mmol NaCl in 0.5 ml H 2 O were added to the mixture of Sb(OAC) 3 Antimony sulfide nanocrystals with various-shape and different phases are synthesized using colloidal hot-injection method, and the as-prepared nanocrystals are used as light harvesting material in photovoltaic devices.
